Clinical data from brain-damaged patients implicates the human hippocampal formation in memory function. We tested the hypothesis that long-term memory function is associated with activation of the hippocampal formation in humans by measuring regional cerebral blood flow changes whilst subjects performed memory tasks. Bilateral hippocampal regional cerebral blood flow was significantly correlated with a measure of the engagement of long-term auditory-verbal memory. No such association was observed for the degree of engagement of auditory verbal subspan memory. These data provide, for the first time, direct in vivo evidence for the involvement of the hippocampal formation in long-term memory in the intact human brain.
Neuropsychological studies of amnesic patients with localized brain damage have been the predominant method for establishing the neural correlates of normal memory function. However, the inherent difficulty of this "lesion model" lies in relating memory function to the integrated functional anatomy of the intact living brain. Using this anatomical-clinical correlation approach, the human hippocampus has a long, though contentious, role in memory function [9, 13] . Bilateral damage to the medial aspect of the temporal lobe, including the hippocampus, produces characteristic impairments in memory function when task demands exceed the immediate span of short-term memory [1, 11, 13] . Such "supraspan" memory tasks include, for example, the free recall of heard word lists, typically 10 15 words presented over 20 30 s. Ifa normal subject's recall is plotted against the position of the word in the list (serial position curve), words are preferentially recalled from the beginning and end of the list; so-called "primacy" and "recency effects" [14] . The recency effect is dependent on a short-term memory system of limited capacity [18] . Performance on the mid-portion of the serial position curve reflects the operation of long-term memory function [2] whilst the primacy effect may relate to the effects of re-*Corresponding author.
hearsal as well as long-term memory function [2] . In patients with medial temporal lobe damage, the recall of items from the beginning and mid-portion of such word lists is impaired whereas items from the end of the list are recalled normally [1] . Such neuropsychological data indicate a role for the human hippocampus in processing information that exceeds the span of short-term memory. This span has been shown to be approximately five words or seven digits [10] .
The ability to relate activity in the hippocampal formation to specific aspects of psychological function will be of considerable importance in clarifying its precise role in mnemonic processing. Functional brain-imaging techniques using positron-emission tomography (PET) now provide an alternative to the "lesion model" in localizing the anatomical correlates of higher mental functions [8] . With these techniques neuronal activation can be indexed by task-related changes in regional cerebral blood flow (rCBF) in the intact brain. A task-related change in rCBF can be defined by the difference in rCBF profiles between two brain scans when a single cognitive component is altered (cognitive subtraction) or by the correlation of rCBF with the systematic variation of a single task parameter across a number of brain scans (graded response). We describe an experiment using a graded response auditory-verbal memory task that di-rectly addressed the relationship between memory function and hippocampal activity in vivo. We based our experimental design on the hypothesis that a performancederived measure of long-term memory function would correlate with hippocampal rCBF whilst a pertbrmancederived measure of subspan memory would not.
Six male right-handed volunteers (aged from 21 to 36 yr) gave written informed consent. Each subject underwent 12 serial rCBF measurements over a 3-h period with a CTI 953B-PET scanner (CTI, Knoxville, TN) with collimating septa retracted. For each rCBF measurement, H2~50 was given as an infusion over 120 s. The amount of tracer injected per subject was 135 mCi (calculated dosimetry 5 mSv). The integrated radioactivity counts accumulated over a 165-s period during the performance of the auditory-verbal memory task was used as an index of rCBF [7] . Subjects were asked to remember and immediately and freely recall a series of heard word lists (one word every 2 s) that varied from two to 13 words in length. Word-list length was randomized amongst scans and a total of 60-66 different words were presented during each scan. Within a single scan, wordlist length was kept constant. For example, in the first scan for a single subject, eight different eight-word lists were presented, for the fifth scan 20 different three-word lists were presented.
PET images were reconstructed using a validated algorithm for full 3-D reconstruction with retractable septa [17] . Images were displayed in ANALYZE (BRU; Mayo Foundation, Rochester, MN). Statistical analysis was performed in PROMATLAB (MathWorks, Natick, MA) using statistical parametric mapping [4] (SPM; MRC Cyclotron Unit, London, UK). Following realignment [19] and stereotactic normalization [3, 6] into the atlas of Tailairach and Tournoux [16] , all scans were subject to an ANCOVA [5] . For each pixel, the ANCOVA generated 12 condition-specific mean rCBF values, one for each word-list length, each with an associated error variance. With appropriate weighted contrasts reflecting memory performance, areas with significant correlations between rCBF and memory performance were identified. Data from the middle portion of the serial position curve (words correctly recalled without contamination by primacy or recency components) were used to generate a measure of memory performance that represented a pure engagement of long-term memory processes [2] (Table I) . Only data from the "supraspan" scans of seven or more words in length were used. In these word lists, the primacy effect was conservatively assumed to involve the first two words presented and the recency effect the last four words in any word list. This left a variable midportion of the serial position from one word in the sevenword list to seven words in the 13-word list from which scores for long-term memory performance (total number of words recalled) were calculated. Separate correlations of rCBF with the total number of words correctly recalled in the "short word lists" were also made as an index of subspan memory engagement. These scans were of word-list length two, three, four, five, six and seven words (for the seven-word list the third word in the list was ignored as it was used as a measure of long-term memory). For all weighted contrasts, a threshold of P < 0.01 was used (not corrected for multiple comparisons). This statistical level was justified as our hypothesis was constrained to a specific area in the whole scanned volume, i.e., the hippocampal formation.
The upper images of Fig. I show statistical parametric maps of transverse sections through the hippocampal and parahippocampal regions. Brain areas showing significant correlations of rCBF with subspan memory performance (upper) and long-term memory performance (middle) are shown. As predicted the number of words correctly recalled from the mid-portion of the serial position curve correlated with increased blood flow bilaterally in the hippocampal formation. The spatial extent of this correlation appeared greater on the left than right (see Fig. 1 ). The site of maximal correlation was located in the left hippocampus (co-ordinates -24, -30, -4 in the x, y and z planes of the Talairach and Tournoux atlas) (correlation coefficient for left hippocampus = 0.68 P < 0.05 Pearson product moment correlation) (see Fig.  2 ). In addition, significant correlations were seen in the region of the posterior hypothalamus, posterior cingulate, the precuneus and angular gyrus (data not shown). Table I .
In contrast to our measure of long-term memory performance, the number of words correctly recalled in the subspan word lists did not correlate with hippocampal rCBF at the same location (correlation coefficient for left hippocampus = 0.173, P> 0.05 Pearson product moment correlation). This suggests that the observed relationship is specific for long-term memory processes rather than a non-specific aspect of memory performance that is common to both tasks. In addition, intrusion errors from previous word lists were very rare thus interference effects are unlikely to be a confounding factor in this study. The lack of correlation between hippocampal rCBF and performance in the subspan tasks confirms clinical and recent PET studies showing that such memory tasks are independent of medial temporal lobe function [12, 15] . Hippocampal engagement was detected when task demand exceeded the capacity of short-term memory processes. Clinical and experimental data suggests hippocampal function is essential for the encoding and consolidation of long-term memory traces at a neocortical level whilst the retrieval of such memory traces can occur independently of hippocampal function [15] . In the light of this view, the correlation of hippocampal rCBF with long-term memory function probably reflects neural activity associated with encoding and consolidation. Further experiments exploring the encoding, consolidation and retrieval phases of word-list learning separately will address this hypothesis. The present results demonstrate convergent and complementary evidence to that derived from "lesion models", that a structure, the hippocampus, associated with long-term memory function, is indeed activated in the intact human brain.
